The fundamental relationship between structure and diradical character is important for the development of open-shell diradicaloid-based materials. In this work, we synthesized two structural isomers bearing a 2,6-naphthoquinodimethane or a 1,5-naphthoquinodimethane bridge and demonstrated that their diradical characters and chemical reactivity are quite different. The mesityl or pentafluorophenyl substituted octazethrene derivatives OZ-M/OZ-F and their isomer OZI-M (with mesityl substituents) were synthesized via an intramolecular Friedel-Crafts alkylation followed by oxidative dehydrogenation strategy from the key building blocks 4 and 11. Our detailed experimental and theoretical studies showed that both isomers have an open-shell singlet ground state with a remarkable diradical character (y 0 = 0.35 and 0.34 for OZ-M and OZ-F, and y 0 = 0.58 for OZI-M). Compounds OZ-M and OZ-F have good stability under the ambient environment while OZI-M has high reactivity and can be easily oxidized to a dioxo-product 15, which can be correlated to their different diradical characters. Additionally, we investigated the physical properties of OZ-M, OZ-F and 15.
INTRODUCTION
Open-shell π-conjugated polycyclic hydrocarbons (PHs) have recently attracted tremendous interest due to their unique electronic, optical and magnetic properties applicable to organic electronics, non-linear optics, spintronics, and energy storage devices. Figure 1a) . 2a, 2b, 2f Interestingly, the diradical characters and the reactivity are quite different from each other, which can be correlated to the number of aromatic sextet rings gained from the closed-shell to the diradical resonance forms. 7 Our group reported that a p-QDM bridged heptazethrene (HZ) has an open-shell singlet diradical ground state, 4b, 4c while the m-QDM bridged isomer m-HZ has a triplet biradical ground state because no Kekulé structure can be drawn for this molecule ( Figure 1b ). 8 However,
there are rare discussions on the physical properties and chemical reactivity of other isomers containing a higher order quinodimethane substructure. Herein, two naphthoquinodimethane isomers, the 2,6-naphthoquinodimethane (2,6-NQDM) and 1,5-naphthoquinodimethane (1,5-NQDM) will be investigated. These two molecules can be depicted as resonance of a quinoidal form and a diradical form with recovery of an aromatic naphthalene ring ( Figure 1d ). More informative diradical character index y 0 of 2,6-NQDM and 1,5-NQDM was calculated (UCAM-B3LYP/6-31G(d,p) method) to be 0.01 and 0.33, respectively (y 0 is derivated from the occupation number of the lowest unoccupied natural orbital in the ground state, 0 < y 0 < 1, 0 representing closed-shell state and 1 representing a pure diradical state). There are a few reports on the 2,6-NQDM based singlet diradicaloids such as the extended diphenalenenoindacene, 3d indenofluorene 2e and octazethrene. 4b However, to the best of our knowledge, there is no report on the 1,5-NQDM congeners. Our particular interest here is to synthesize and study the properties of two isomers, the 2,6-NQDM bridged octazethrene and the 1,5-NQDM bridged octazethrene (Figure 1c and d). Both isomers should have an open-shell singlet diradical ground state due to the recovery of an aromatic naphthalene ring in the diradical form, and the major difference is that the first isomer contains two fused p-QDM units, while the second isomer has two fused o-QDM units. Thus it is interesting to study which isomer has a larger diradical character and how this difference affects their chemical reactivity and physical properties. To stabilize the reactive species, it is necessary to introduce bulky mesityl or electron-deficient pentafluorophenyl substituents to block the most reactive sites (Figure 1d ). At the same time, the hexyloxy groups are attached to the two terminal naphthalene units to control the regio-selective reaction and to improve the solubility. 
RESULTS AND DISCUSSION
Synthesis. Previously, we reported that the triisopropylsilyl ethynyl (TIPS) substituted octazethrene analogue OZ-TIPS could be synthesized via a two-step route which involves a nucleophilic addition of the diketone precursor with organolithium regent, followed by reduction with SnCl 2 . 4c However, there are some limitations of this method: 1) the synthesis and purification of the octazethrene diketone intermediate is tedious and the yield is very low; 2) due to the poor solubility of the octazethrene diketone intermediate, the yield of the addition step is low; and 3) it is hard to introduce other substituents (e.g. aryl) to the bay region due to the undesirable Michael addition side reaction. Herein, we report a much more efficient alternative method to synthesize the mesityl and pentafluorophenyl substituted octazethrene derivatives (OZ-M and OZ-F, respectively) and similar strategy can be applied to the synthesis of the octazethrene isomers (OZI-M and OZI-F) (Scheme 1). The key building blocks are the naphthalene derivatives 4 4 and 11 carrying two triflate and two aldehyde groups at different positions. The synthesis commenced from the protection of hydroxyl group of 3,7-dibromo-naphthalene-2,6-diol 1 by MOM group to give 2 in 90% yield. Compound 2 was treated with nBuLi followed by addition of anhydrous DMF to afford the dialdehyde 3 in 65% yield. The key building block compound 4 was then obtained in 85% overall yield by removal of MOM protective groups in 3 followed by reaction with trifluoromethanesulfonic anhydride. Suzuki coupling reaction between 4 and (2-(hexyloxy)naphthalen-1-yl)boronic acid 9 afforded 5 in 90% yield. The alkoxy chain was introduced to improve the solubility and prevent the formation of a five-membered ring containing isomer. Then, compound 5 was treated with mesitylmagnesium bromide or pentafluorophenylmagnesium bromide to give the corresponding diol 6a or 6b, which was subjected to a BF 3 •OEt 2 mediated Friedel-Crafts alkylation reaction to give the dihydro-precursor 7a or 7b.
Compounds OZ-M and OZ-F were finally obtained as black solids by oxidative dehydrogenation of 7a/7b with DDQ. The synthesis of the octazethrene isomer dihydro-precursors 14a/14b followed a similar strategy to the synthesis of 7a/7b, but starting from the 1,5-dibromonaphthalene-2,6-diol (8) (Scheme 1). The dehydrogenation of precursor 14a was conducted by treatment with DDQ in dry toluene at room temperature. However, this gave a quite reactive species (OZI-M) which was transformed into the dioxo-compound 15 (dark red solid) in one hour. Workup and purification in air afforded compound 15 in 35% yield. However, the pentafluorophenyl substituted precursor 14b cannot be dehydrogenated by DDQ even under reflux in toluene. The structures of compounds OZ-M, OZ-F and 15 were unambiguously identified by NMR, high-resolution mass spectrometry and X-ray crystallographic analysis (vide infra and SI).
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The Journal of Organic Chemistry 6 singlet ground states as the magnetic susceptibility increases with increase of temperature after 250 K, correlating to a thermal population from singlet to paramagnetic triplet state (Figure 2b, d) . The singlet-triplet energy gap (∆E S-T ) was estimated to be - 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 molecular orbital (SOMO) profiles of the α and β spin of both molecules showed disjoint feature ( Figure S3 in SI). The spin densities are evenly distributed throughout the whole octazethrene framework and even to the mesityl and pentafluorophenyl substituents (Figure 4b ), explaining the good stabilities of both compounds. For comparison, OZ-TIPS was calculated to have a larger diradical character (y 0 = 0.434) and smaller singlet-triplet energy gap (∆E S-T = -4.4 kcal/mol) due to more effective conjugation between the TIPS groups and the octazethrene framework. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 diradical character and the existence of larger strain in OZI-M make it more reactive than OZ-M, as we observed experimentally.
Indeed, the in situ generated OZI-M is highly reactive and only the dioxo-product 15 was isolated, which was identified by X-ray crystallographic analysis. 13 Molecule 15 has a twisted structure with a large torsional angle of 18. nm and 757 nm ( Figure 6a and Table 1 ). The band shape is similar to those for many reported diradicaloids 4-6 and the weak absorption bands in the low-energy region originate from the presence of a low-lying singlet excited state dominated by a doubly excited electronic configuration (H,H→L,L). 14 Compound OZ-F with a different substituent group at the bay region shows almost the same absorption spectrum to that of OZ-M ( Figure S6 in SI) . However, compared with the OZ-TIPS, 4b the lowest energy absorption maximum of OZ-M or OZ-F is blue shifted about 38 nm due to the less effective conjugation between the octazethrene backbone and the mesityl/phenyl substituents. Compound 15 exhibits a very different absorption spectrum, with a broad band between 450 and 600 nm and a weak absorption tail up to 750 nm ( Figure 6b and Table 1 ). This long absorption tail might be affected by the intramolecular charge transfer due to the existence of two ketone groups. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 The excited-state dynamics of compounds OZ-M, OZ-F and 15 were investigated by femtosecond transient absorption (TA) measurements. Compounds OZ-M and OZ-F exhibit similar TA spectra with a ground-state bleaching (GSB) signal around 650 nm as well as two weak excited-state absorption (ESA) bands in the 450-550 and 700-850 nm spectral regions (Figure 7a and Figure S7 in SI). The singlet excited-state lifetimes (τ) of OZ-M and OZ-F were determined to be 2.3 and 2.4 ns, respectively, which are slightly longer than that of OZ-TIPS (τ = 1.6 ns) 4e due to their smaller diradical character. The diketone compound 15 exhibits intensive GSB signal at 450-700 nm and weak ESA signal at 700-850 nm (Figure 7b ). The singlet excited-state lifetime of 15 was estimated to be 1.2 ns. Recently, many reports demonstrated that molecules with a moderate diradical character would exhibit remarkable hyperpolarizability γ. 4, 7, 15 Therefore, the two-photon absorption (TPA) measurements were conducted for compounds OZ-M and OZ-F by the Z-scan method (refer to the Experimental Section) in the wavelength range from 1200 to 1400 nm, where one-photon absorption contribution is negligible ( Figure 6a and Figure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 Cyclic voltammetry and differential pulse voltammetry were conducted to study the electrochemical properties of compounds OZ-M, OZ-F and 15 (Figure 8 , Table 1 and Figure S9 in SI). Compound OZ-M gave two reversible oxidation waves at E ox 1/2 = −0.30, 0.09 V and one quasi-reversible reduction waves at E red 1/2 = -1.82 V (vs Fc/Fc + , Fc= ferrocene), while compound OZ-F showed two reversible oxidation waves at E ox 1/2 = −0.01, 0.28 V and two reversible reduction waves at E red 1/2 = −1.52 and −1.88 V. The electrochemical energy gaps were determined as 1.35 and 1.34 eV for OZ-M and OZ-F, respectively, which are consistent with their optical energy band gap (Table 1) . It is worth noting that due to the electronwithdrawing pentafluorophenyl substituents, both the HOMO and LUMO of OZ-F are lowered in comparison to those of OZ-M (Table 1) , leading to more reversible reduction waves. Compound 15 showed three reduction waves with E red 1/2 = −1.41, -1.54 and −2.32 V due to the electron-withdrawing character of the ketone groups, and it is hard to be oxidized. 
CONCLUSIONS
In summary, we have successfully developed a new synthetic method to synthesize the 2,6-NQDM bridged octazethrene derivatives and the 1,5-NQDM bridged octazethrene isomers. Our detailed experimental and theoretical studies demonstrate that the bridge structure has significant effect on their diradical character and consequently on the chemical reactivity and physical
properties. The amphoteric redox behaviour and the ordered molecular packing of these new octazethrene derivatives make them promising candidates for ambipolar organic field-effect transistors and spin-dependent charge transport in the thin films and single crystals. The key intermediates 4 and 11 are expected to be very useful building blocks to access many quinoidal π-conjugated systems with significant diradical character. All these works are underway in our groups.
14 jected to singular value decomposition and global fitting to obtain the kinetic time constants and their associated spectra using Surface Xplorer software.
The two-photon absorption spectrum was measured in the NIR region using the open-aperture Z-scan method with 130 fs pulses from an optical parametric amplifier operating at a repetition rate of 1 kHz generated from a Ti:sapphire regenerative amplifier system. After passing through a 10 cm focal length lens, the laser beam was focused and passed through a 1 mm quartz cell.
Since the position of the sample cell could be controlled along the laser beam direction (z axis) using the motor controlled delay stage, the local power density within the sample cell could be simply controlled under constant laser intensity. The transmitted laser beam from the sample cell was then detected by the same photodiode as used for reference monitoring. The on-axis peak intensity of the incident pulses at the focal point, I 0 , ranged from 40 to 60 GW cm -2 . For a Gaussian beam profile, the nonlinear absorption ( 1) where α 0 is the linear absorption coefficient, l is the sample length, and z 0 is the diffraction length of the incident beam. After the nonlinear absorption coefficient has been obtained, the TPA cross section σ (2) of one solute molecule (in units of GM, where 1 GM = 10 -50 cm 4 s photon -1 molecule -1 ) can be determined by using the following relationship:
where N A is the Avogadro constant, d is the concentration of the compound in solution, h is the Planck constant, and ν is the frequency of the incident laser beam.
Compound 2: Compound 1 (3.17g, 10.0 mmol) was added to the NaH (0.72 g, 30.0 mmol) suspension in THF at 0 o C under argon atmosphere. The mixture was string for 1 hour at room temperature and chloromethyl methyl ether (2.26 ml, 30 mmol) was added. After 12 hours the mixture was quenched by water and extracted with DCM. The organic layer was dried over anhydrous MgSO 4 . The solvent was removed under vacuum and the residue was purified by silica gel column chromatography using DCM/hexane (1/2, v/v) as eluent to give compound 2 (3.65 g, 9.0 mmol) as a white solid in 90% yield, mp 148. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 o C.The mixture was string for 1 h under this temperature, then dry dimethylformamide (077 ml, 10.0 mmol) was added in to the reaction mixture. After 12 hours the mixture was quenched by water and washed with water. The organic layer was extracted with DCM and dried over anhydrous MgSO 4 . The solvent was removed under vacuum and the residue was purified by silica gel column chromatography using DCM/hexane (2/1, v/v) Compound 4: To a solution of compound 3 (2.02 g, 5.0 mmol) in dry THF (50 mL) were added concentrated HCl (3.0 ml). The mixture was heated to refluxing for 5 h. After cooling to the room temperature the solvent was evaporated and the solid was washed with water and methanol. The crude product was dissolved in 100 ml DCM with pyridine (1.0 ml) and cooled to the 0 o C.
Trifluoromethanesulfonic anhydride (10.0 mmol, 2.0 eq) was added to the reaction mixture under this temperature and then the mixture was allowed to warm to the room temperature and stirred for further 1 hour. 153.89, 153.84, 135.9, 135.0, 134.9, 134.4, 134.3, 133.9, 133.4, 129.1, 128.2, 128.1, 127.0, 124.7, 123.8, 120.0, 119.8, 114.0, 113.9, 31.2, 31.1, 29.11, 29.02, 25.3, 22.3, 13.7 
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Compound OZ-M: Mesitylmagnesium (1.0 M, 1.0 mL) was added to the 15 mL dry THF solution of compound 5 (0.06 g, 0.10 mmol) under argon atmosphere, the mixture was stirred at room temperature for 8 hours. The reaction mixture was quenched by water and extracted by chloroform. The organic layer was dried over Na 2 SO 4 and the solvent was removed under reduced pressure. The crude compound 6 was then dissolved in 20 mL dry DCM under argon atmosphere and 0.2 mL of BF 3 ·OEt 2 was added. The mixture was stirred for 5 minutes and quenched by methanol. The solvent was removed under reduced pressure. DDQ (0.0227 g, 0.1 mmol) was added dropwise to the 20 mL dry toluene solution of compound 7. Upon addition of DDQ solution, the color of the reaction mixture changed slowly from light blue to dark green, and the reaction was monitored by TLC until completion. After evaporation of the solvent, the residue was purified by column chromatography (silica gel, DCM/hexane (1/3, v/v) as eluent) to
give compound OZ-M (37 mg, 45% in three steps) as a black solid, decomposed at 217. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1.21-1.14 (m, 12H), 0.79-0.74 (m, 6H); 13 C NMR (CDCl 3 , 75 MHz): δ ppm 195.2 (C=O), 154.0, 153.9, 144.1, 144.0, 133.8, 133.6, 132.84, 132.80, 131.83, 131.80, 130.69, 130.65, 130.5, 129.58, 129.51, 128.9, 128.8, 128.1, 127.14, 127.10, 125.0, 124.9, 123.93, 123.90, 120.8, 120.7, 114.2, 114.1, 69.4, 69.3, 31.29, 31.21, 29.1, 29.0, 25.4, 25.3, 22.4, 22.3, 13.85, 13.80 143.5, 136.5, 136.4, 135.3, 134.2, 131.9, 130.5, 129.4, 128.6, 128.48, 128.40, 127.4, 127.3, 126.6, 126.5, 125.7, 124.1, 122.0, 119.7, 27.7,18.4, 17.6 
